ABSTRACT. We have developed a simple numerical approach to define shape and depth from residual SP anomalies caused by simple geologic structures. By defining the anomaly value at the origin V(0) and the anomaly values at two equidistant points from the origin on the profile (V(N) and V(-N)), the problem of depth determination from residual SP anomalies has been transformed into finding a solution to a nonlinear equation for each shape factor. The computed depths are plotted against the shape factors on a graph. All points for each two equidistant points from the origin are connected by a continuous curve (depth curve). The solution for the shape and depth of the buried structure is read at the common intersection of the depth curves. The method is applied to theoretical data without and with (10%) random noise and tested on a field example from Colorado.
Introduction
SP data are usually used to explore rocks and minerals, especially metallic sulfides and graphite, which reveal themselves as SP anomalies hidden in the regional field and/or masked by the topographic effects. However, sometimes an individual SP anomaly is found that stands out so clearly that it can be separated from the regional background and the topographic interfaces, and is so simple in appearance that it can be modeled as a simple polarized body. In this case, quantitative methods of interpretation can be used to determine the shape and depth of the polarized body. The methods include least-squares methods (Abdelrahman et al., 1997a) , gradient analysis method (Abdelrahman et al., 1997b) second derivative analysis method (Abdelrahman et al., 1998) , and moving average residual analysis method (Abdelrahman et al., 1999) .
In this paper, a simple iterative method is presented to estimate the shape and depth of a buried structure from residual SP anomalies. The method involves using a relationship between the shape and the depth to the source and a combination of symmetrical observations around the origin of the profile. The method is applied to synthetic data without and with (10%) random noise and tested on a field example from Colorado.
The Method
Following Battacharya and Roy (1981) , the general expression for SP anomaly of an arbitrary polarized structure is given by where z is the depth, θ is the polarization angle, K is the electrical dipole moment or the magnitude of polarization, x is a horizontal position coordinate, and q is the shape factor related roughly to shape of the buried structure. For example, the shape factor (q) for a sphere is 1.5, for a horizontal cylinder is 1.0, and for a semi-infinite vertical cylinder is 0.5. At the origin (x i = 0), equation (1) gives the following relationship:
Using equation (1), we obtain the following normalized equation at x i = ±N, N = 1, 2, 3 Let F = (V (N) -V (-N)) /V (0), then from equations (3) and (4) we obtain 
, then from equations (3) and (4) we obtain Equation (6) can be solved using a simple iterative method (Demidovich and Maron, 1972) . The iterative form of equation (6) is given by
where z j is the initial depth and z f is the revised depth. We will use z f as z j for next iteration. The iteration stops when |zf -zj| < e, where e is a small predetermined real number close to zero.
The source depth is determined by solving one nonlinear equation in z. Any initial guess for z works well because there is only one global minimum.
Once z is known, the polarization angle, θ, can be determined from equation (5). Knowing z and θ, the electrical dipole moment, K, can be determined from equation (2).
To this stage, we have assumed knowledge of the axes of the SP profile, so that V(0) can be determined. Otherwise, V(0) can be determined using the method described by Stanley (1977) . As illustrated in Figure 1 , the line M-m intersects the anomaly profile at x i = 0. However, the accuracy of the result obtained using equation (6) depends upon the accuracy to which the shape factor (q) can be assumed or determined from other geologic and/or geophysical data.
Solution Using the Depth Curves Method
Equation (6) can be used not only to determine the depth but also to simultaneously estimate the shape of the buried structure (shape factor). The procedure is as follows:
1 -Determine the origin of the observed SP anomaly curve (x i = 0) using Stanley's method (1977) .
2 -Digitize the anomaly profile at several points including the central point (x i = 0).
3 -For a fixed N value, determine the depth of the buried structure using equation (6) for each shape factor (q). The depth obtained is plotted against the shape factor representing a continuous depth curve. The depth curves should intersect at the true answer because equation (6) has only two unknowns (z, q) to be determined.
The present approach is more advantageous than a full least-squares inversion technique in determining the model parameters of a buried structure from residual SP anomalies. The experience with the minimization technique for two or more unknowns is that it always produces good results from syn-
thetic data with or without random noise. In the case of field data, good results may only be obtained when using very good initial guess on the model parameters (K, z, q, θ). The optimization problem for the shape, depth, polarization angle, and electrical dipole moment is highly nonlinear, increasing the number of parameters to be solved simultaneously increases the dimensionality of the energy surface, thereby generally increasing the probability of the optimization stalling in a local minimum. This is why we propose the above method rather than using a full least-squares minimization method in determining the shape and depth of a buried structure from observed SP anomalies.
Synthetic Examples
Figures 2, 3, and 4 show three different SP anomalies due to a semi-infinite vertical cylinder (z = 1 m, q = 0.5), a horizontal cylinder (z = 3 m, q = 1.0), and a sphere (z = 5 m, q = 1.5), respectively. Other model parameters are inserted in Figures 2, 3, and 4. Equation (6) The correct solution for q = 0.5 theoretical model occurs at the common intersection of the depth curves. Figure 5 shows the intersection at the correct location of z = 1 m and q = 0.5. Figure 6 shows that the depth curves intersect at the correct point z = 3 m and q = 1.0. On the other hand, Figure 7 shows the intersection at the correct location of z = 5 m and q = 1.5. In all cases, the solution for shape factor and depth are in excellent agreement with the parameters given in Figures 2, 3 , and 4.
Moreover, random errors of 10% were added to each SP anomaly to produce three different noisy anomalies. Adapting the same interpretation procedure used in above examples, the results are given in Tables 4, 5 , and 6 and shown in Figures 8, 9 , and 10, respectively.
When the data contain noise, the depth curves intersect each other in a very narrow region. The central point of the intersection region (intersection points) occur at the approximate locations q = 0.49 and z = 0.94 m, q = 1.04 and z = 3.30 m, and q = 1.45 and z = 5.05 m for the first, second and third models, respectively. In all cases, the solution for depth and shape are in very good agreement with the parameters given in Figures 2, 3 , and 4. This demonstrates that our method will give reliable results even when the SP residual anomaly contains measurement errors and/or geologic noise within (10%) magnitude of the SP anomaly. 
Field Example
A self-potential anomaly profile along line 22 of the map of self-potential data over a Malachite Mine, Jefferson County, Colorado (Dobrin, 1960, Figure 19-25, p. 426 ) is shown in Figure 11 . The SP anomaly measurements were performed and described by Heiland et al. (1945) . This anomaly profile was digitized at an interval of 6.6 meters. Equation (6) was applied using N = 26.4, 33.0, 39.6, 46.2, and 52.8 m to generate the depth curves. The results are given in Table 7 and shown in Figure 12 . The depth curves intersect each other at z = 11.2 m and q = 0.54. This suggests the shape of ore body resembles a semiinfinite vertical cylinder buried at depth of 11.2 m. The depth to the top of the ore body obtained by present method (11.2 m) agrees very well with that from drilling information (13.7 m) (Dobrin, 1960) . FIG. 11 . Observed SP profile on line 22 of the map of self-potential data over a Malachite Mine, Jefferson County, Colorado (Dobrin, 1960) . Figure 11 using the present depth curves method. 
Conclusion
The problem of determining the shape and depth of a buried structure from residual SP anomaly profile can be solved using the present method for simple anomalies. The depth curves method is very simple to execute and works well even when the SP data contain measurement errors and/or geologic noise within (10%) magnitude of the SP anomaly. Theoretical and field examples illustrated the efficiency of the present method in determining the shape and depth of a buried structure from SP data.
